Abstract: According to the reflection behavior of the fiber Bragg grating, the monitoring method of reinforced concrete was presented in this paper. A postprocessing method to extract crack openings from a three-dimension finite element computation was proposed. The three-axial stresses of the FBG were extracted also from the same finite element computation, and then, were converted as a wavelength deformation of the FBG reflected spectrum. The three-dimension computation result of crack width versus the FBG spectrum deformation was investigated using laboratory experiments. The results showed that the numerical values approximated the experimental ones.
Introduction
Recently there was an increasing demand on safety monitoring of large-scale structure. Reinforced concrete structures were usually designed to allow cracking under service loading. Structural concrete codes [1] - [5] proposed certain crack tolerance taking into account the environmental exposure type. Due to the complexity of the problem, a number of methods have been developed in the past years to determine the crack width. These methods were partly based on theoretical basis and partly on statistical analysis of test results. Saliger [6] and Scordelis [7] used Bond-Slip model, Borms [8] and Base [9] et al. used No-Slip model, Gergely and Lutz [10] used the results of experimental data to formulate an equation to calculate the crack width. The above mentioned models mostly detected the crack and derived the crack width with parameters such as steel rebar ratio, rebar stress and concrete beam stresses monitored by strain gauges and et al.
In real application, the stress applied to the concrete structures was random and uncertain, the real-time stress was necessary to be detected to predict the safety status. Fiber-optic sensors for the measurement of strain [11] - [16] have been under development for many years and the strain sensors are becoming a potential device because of its high sensitivity. In this paper, we used a FBG (fiber Bragg grating) sensor to detect the crack opening, the computed and measured wavelength shift of FBG sensor versus maximal crack width of concrete beam were given. Based on these results, our paper aimed to establish a practical relation that related optical domain parameters (such as FBG spectrum) instead of conventional electrical parameters to the cracking opening.
Theoretical Analysis and Numerical Simulations

Crack Modeling
For numerical modeling of cracks in concrete three main approaches were currently used: smearedcrack model, discrete-crack model and lattice-type crack model. As a smeared cracking model, the crack could be simulated without predefining the direction of crack with software of Ansys, so the smeared-crack model was still widely used at present for large scale structural applications to simulated cracks in concrete structures. Up to now, although all design codes impose certain limits on the crack width, there was no established analytical method for the evaluation of crack width. In this paper, Saliger 's [17] bond-slip model of deformed steel bar in concrete beam was used to calculated the crack width. It was assumed that the crack was induced by the deformation difference between rebar and concrete, so the crack width ω was represented by following equation (1) .
ω was the crack width, ε sm and ε cm was the strain of rebars and concrete beam in a crack respectively, l m was the crack spacing, dl was the element length perpendicular to the fracture direction, E s and E c was the elastic modulus of rebar and concrete respectively. The post-processing method was used to calculate crack width since the finite element program couldn't directly calculate the crack width. The bond-slip property between the rebar and the concrete was represented by spring element (combin39), so the simulation of the bond-slip function was considered by changing the stiffness of the spring element. We could adjust the parameters of spring element by comparing the calculated crack width with the measured ones as shown in Fig. 6 .
Spectrum Deformation of FBG Sensor Induced by External Transverse Load
When the FBG was submitted to a linear distribution of force F along the length z (see Fig. 1 ), a linear birefringence will be induced due to the geometrical modifications, and this resulted in two different propagation modes of y-polarization and z-polarization. Using the stress-strain relationship, the effective refractive index changes are as followings [18] , [19] : Where n ef f x and n ef f y was the effective refractive index of the x-polarization and y-polarization, E and ν were the Young's modulus and the Poisson's coefficient of the optical fiber, p 11 and p 12 were the photoelastic coefficients of the optical fiber, σ x , σ y and σ z were the stress components at any point (x, y, z) in the FBG in the x, y, and z principal directions, respectively. The Bragg reflection wavelength at any point (x, y, z) of the stressed FBG were given as followings: Fig. 2 presented a graphical representation of the model consisting of concrete beam, main rebar, support bars, stirrups, a FBG sensor and four steel strain gauges. The sectional dimension of concrete was 140 cm × 10 cm × 16 cm, the protective layer was 2 cm. The rebars configuration: the two lower main rebars were HRB335 and the diameter was 12 mm, the upper support bars and stirrups were R235 and the diameter was 6 mm, the details of rebars pattern were shown in Fig. 2(c) . The Fig. 2 (a) only showed two lower main rebars, the placement of stirrups and support bars were showed in Fig. 2(b) . The four steel strain gauges showed in Fig. 2 (a) were used to detect steel strains. The FBG sensor was embedded in the concrete beam as shown in Fig. 1(a) and it was 2 cm distance from the bottom of the concrete beam. The length of FBG was 8 mm, the core, inner cladding and outer cladding of the optical fiber grating were 10 μm,125 μm and 250 μm,respectively. The FBG was packaged by stainless steel tube with length of 100 mm to resist damage induced by external force. The sensor was embedded within the concrete beam in a location that was obviously prone to severe cracking and large deformations. This allowed for the evaluation of the crack sensor in terms of its practicality for structural monitoring applications.
Experimental Procedure
Materials
Measurements
The schematic diagram of the experimental system was shown in Fig. 3 , a quasi-static tensile load was applied to the concrete beam. Tensile load was measured with a load cell and the strain of steel bar was collected by a data acquisition collector which was connected with four steel strain gauges showed in Fig. 2(a) . The optical fiber grating was illuminated by a broadband source, whose wavelength range was from 1520 to 1570 nm. The reflection spectrum was obtained by using an optical spectrum analyzer (Anritsu MS9740A) while the loading machine was stopped at various values of the tensile load. The wavelength resolution of the optical spectrum analyzer was 0.03 nm. In order to measure the fracture behavior of concrete beam and the response spectrum of the optic-fiber grating, a quasi-static four point bending test was conducted as shown in Fig. 4 . The illustrative diagram and testing system of four point bending test was shown in Fig. 4(a) and (b) . The concrete beam contained FBG sensor and rebar was placed on two supporting pads, the upper pads were employed to provide the applied static loading. Beams in the testing system under four-point bending with loads applied at the middle of the span were showed in Fig. 4(b) . 
Analysis of Crack Width Versus FBG Spectrum
We studied the stress distribution along optic-fiber grating and calculated the spectrum deformation of FBG induced by uneven distribution of the stress along the three-axis of x, y, z, the result was shown in Fig. 5(a) . Spectral simulations were implemented based on the transfer matrix formalism [20] , in which the grating was divided into several uniform sub-gratings. The calculated results showed that the peak wavelength of the reflection spectrum had a shift of 2.45 nm when the load increased to 46.54 kN. One concrete beam has been chosen for comparison and the results have been shown in Fig. 5(b) which gave the measured wavelength deformations of FBG sensor. Compared with the measured reflection spectra in Fig. 5(b) , the calculated spectrum deformation derived by optical wave propagation theory in Fig. 5(a) had larger wavelength shift. Besides, Fig. 5(a) represented reflectivity decreasing, FWHW broadening, and much more side-modes when the load increased to 46.54 kN. Fig. 5(b) showed obvious wavelength shift, but spectral shape mostly kept same when load increased.The spectrum differences between calculated and measured were mainly because the stresses σ x , σ y , σ z used for calculation were slightly different from the actual values. The stress difference came from the parameters deviation (such as concrete beam, rebar and the package of FBG and et al.) between the finite element calculation and experimental test. The split of reflection spectra under transversal load [18] , [19] didn't appear since stainless steel package of FBG resisted most of transversal load. The parameters of concrete beam, main rebar, support bars, stirrups and FBG sensor were listed in Tables 1 and 2 . In the tables, E was the elastic modulus, ν was the Poisson ratio, f ck was compression strength, ftk was tensile strength, was diameter of rebar, λ 0 = 2n eff 0 was the initial peak wavelength of FBG. In addition, our objective was to simulate the tensile test and to compare the numerical crack opening values to those given in the experiment during the development phase of primary crack. The crack width was calculated with equation (1) and got the result of 0.08 mm when F = 46.54 kN. Compared with the measured crack width of 0.05 mm as shown in Fig. 6(a) , we found that numerical crack opening values derived by Saliger 's bond-slip model were over-estimated. In fact the experimental results showed that secondary cracks appeared near a primary crack when F = 48.9 kN, crack opening values measured concerned only primary crack, whereas numerical results were affected by the developed of secondary cracks. Fig. 6(a)-(c) showed the measured maximal crack width when the load was 46.54 kN,50 kN and 80 kN. The calculated crack openings were showed in Fig. 7 .
The same concrete beam (measured in Fig. 5(b) ) gave the measured and calculated wavelength shifts of FBG sensor and maximal crack width of concrete beam versus applied force in Fig. 7 . The first crack appeared when the applied load was 46.54 kN during the course of the experiment. With an increasing of applied force, the peak wavelength and the maximal crack width increased also. The measured wavelength shift was 6.4 nm when the load increased to 80 kN under which the rebar yielded completely. In fact, other concrete beams were fatigue loaded and the load was monotonically increased until failure during the course of experiment. We found that the FBG broke when load increased to over 80 kN.
Conclusion
The FBG sensors were proven to be capable of identifying crack width in concrete structure that cannot be seen via visual inspection. According to the wavelength shift and reflection behavior of optical fiber, an approach was presented to implement the crack detection in concreted structure. The calculated crack width was compared with measured ones and we found that the measured ones could be well correlated with the calculated values. The use of such technology could improve safety by early identification of structural crack.
